A detailed analysis of electrical and optical fluctuations of high power (3 W) light-emitting diodes (LEDs) is presented. A special attention was paid to the measurement and interpretation of simultaneous correlation coefficient between electrical and optical fluctuations. The simultaneous correlation coefficient was measured not only over frequency range from 10 Hz to 20 kHz, but for the first time in every one-octave frequency band. The presented technique not only permitted to determine the correlation coefficient dependence on frequency, but also to estimate what part to correlation coefficient is produced by low-frequency fluctuations with 1/f , 1/f α , and Lorentzian type spectra, respectively. From the obtained experimental and calculation results it is determined that the simultaneous correlated part of electrical and optical fluctuations for these LEDs is related with the defect presence in the active layer or at its interfaces, while the uncorrelated part of electrical noise is caused by parallel leakage channel in other places, and the resistance of this channel is many times higher than that of p-n junction.
Introduction
Nitride compound semiconductors are widely used in light-emitting diodes (LEDs) for ultraviolet and visible spectra [1] [2] [3] [4] [5] [6] . However, the nitride-based LED fabrication encounters some problems such as a large number of threading dislocations in the active layer. These dislocations originate from the interface between GaN and substrate due to lattice mismatch. This leads to non-radiative recombination processes that lower the light-emitting device efficiency and accelerate device ageing [7] .
Investigation of noise is known to yield a valuable information on dominant physical processes in semiconductor materials and structures [8] [9] [10] [11] [12] . In this paper we present a comprehensive investigation of noise characteristics of high power white LEDs. The scope of investigation was to determine the correlation coefficient between electrical and optical fluctuations over the measured frequency range and in every one-octave frequency band, to estimate what part to correlation coefficient is produced by low-frequency fluctuations with 1/f , 1/f α , and Lorentzian type spectra, respectively, and to discuss the origin of electrical and optical noise sources in these devices.
Investigated LEDs and measurement details
A high power (3 W) white light-emitting diodes, fabricated on the base of blue quantum-well InGaN LEDs with their surface covered by an YAG:Ce +3 phosphor layer emitting broadband yellow light, have been investigated. Operation current of these LEDs is up to 1 A.
Output light power, current-voltage and noise characteristics were measured at room temperature in wide forward current range. For noise investigation of optoelectronic devices it is important to measure both the optical noise (LED emitted light flow fluctuations, detected by photodiode) and electrical noise (LED terminal voltage fluctuations). We used the Cooley-Tukey fast Fourier transformation for measurements of noise spectra in the frequency range from 10 Hz to 20 kHz. The absolute values of power spectral densities of electrical and optical fluctuations were evaluated by comparing with thermal noise levels of reference resistors R e1 and R e2 , respectively (Fig. 1) . The own noise of measurement system was eliminated from noise level measurement by short-circuiting the input of low noise amplifier. The noise level of photodetector was caused by thermal noise of load resistor R ph . A special attention was paid to the measurement and interpretation of simultaneous correlation coefficient between electrical and optical fluctuations. In order to evaluate the correlation coefficient, the electrical and optical fluctuations were measured simultaneously, i. e. the processing of the both noise signals was performed using two identical channels comprised of low noise amplifiers, filter systems, analog digital converter (National Instruments TM PCI 6111 card) (Fig. 1) . The correlation coefficient was directly measured not only over the frequency range from 10 Hz to 20 kHz, but also in every one-octave frequency range with one-octave digital filters, having the following central frequencies f tinent to charge carrier recombination process in p-n junction. A deviation from the exponential dependence is due to the voltage drop in series resistance of the LED. An emitted light intensity dependence on d. c. current is presented in Fig. 3 : here the photodetector voltage is proportional to the emitted light flow (or to the output power).
Decomposition of experimental noise spectra into components and evaluation of variances
Power spectral densities of electrical and optical fluctuations of LEDs and laser diodes (LDs) at low frequencies f can be presented as a sum of independent spectral components of 1/f , 1/f α , Lorentzian type (for the dominant recombination processes with recombination time τ ) and shot noise:
where quantities A j define the intensities of noise components. In general, the number of spectral components with Lorentzian type spectrum depends on complexity of the total spectrum. Such presentation is very useful for further analysis of noise properties because it assumes that noise sources with 1/f , 1/f α , and Lorentzian type spectra and shot noises are statistically independent. An example of the assumed decomposition of the optical noise spectrum is shown in Fig. 4 . The experimental results (symbols) are approximated by Eqs. (1) and (2) (Figs. 5 and 6, solid lines). So, according to the obtained decomposition, the total electrical and optical fluctuations (also including the noise of measurement system) can be expressed respectively in the following way:
where lower indices at fluctuation components indicate their electrical or optical origin (el and ph respectively) and the type of noise -1/f , 1/f α , Lorentzian (gr), shot (sh), or measurement system's own one (syst). According to expressions (3) and (4) the electrical and optical fluctuation variances can be defined as
where every variance component σ 2 j in frequency range from f 1 to f 2 now can be determined from the noise spectral components:
For the further estimation of the correlation coefficient in one-octave frequency band (f 2 = 2f 1 ) it is useful to estimate the variances of electrical and optical noise components with various spectra in this frequency band: 
where f c is the central frequency of the one-octave frequency band filter. The electrical and optical noise variances for voltage fluctuations in one-octave frequency band were calculated using Eqs. (1), (2), (5)- (11) 
Evaluation of correlation coefficient between electrical and optical fluctuations
The simultaneous correlation coefficient was measured on the basis of this expression:
where brackets . . . mean averaging both by time and by number of realizations, and σ 2 el total = u 2 el total (t) , σ 2 ph total = u 2 ph total (t) are the total variances of electrical and optical fluctuations.
Let us present the correlation function in the following way:
where index j = 1 describes the correlation function for 1/f type fluctuations, j = 2 for 1/f α , and j = 3 for Lorentzian type fluctuations; here we have also taken into account that the components of shot, thermal, and measurement system noise are uncorrelated. We also assumed that in the general case not all low-frequency electrical fluctuations (for example, with 1/f type, or 1/f α type, or with Lorentzian type spectrum) can be completely correlated with optical fluctuations; contact or electrical noises in passive layers of LED do not cause the emitted light intensity fluctuations, i. e., every spectral component of low-frequency electrical noise can be presented as a sum of correlated and uncorrelated parts:
here quantity d j shows what part of spectral component S el j (f ) of electrical noise is related with emitted light intensity fluctuations.
The correlation coefficient (12) in the overall measured frequency range, after Eqs. and respectively, for every one-octave frequency band
An example of the correlation coefficient in oneoctave frequency band r oct dependence on the central frequency of octave filter and contributions of 1/f , 1/f α , and Lorentzian type fluctuations are shown in Fig. 9 . The quantities d j were determined by compar- ing the experimental data of correlation coefficient with that from Eq. (16). It is seen that 1/f α type (α ≈ 1.55) fluctuations have the larger contribution to correlation coefficient at lower frequencies, the contribution of fluctuations with Lorentzian type spectrum has a maximum at frequency f = f 0 = 1/(2πτ ), while the contribution of 1/f type fluctuations is sufficiently large in all frequency range. The dependence of correlation coefficient r oct on central frequency f c of octave filter at different currents is presented in Fig. 10 . The decrease of correlation coefficient at higher frequencies is due to larger contribution of noise with constant spectral density. The obtained results clearly show that correlation coefficient decreases with d. c. current increasing. In every octave the quantities d j were the same, they only depended on the type of low frequency fluctuations and on d. c. current of LED. The dependences of the quantities d 1 and d 2 on d. c. current is shown in Fig. 11 . The fluctuations with Lorentzian spectrum were completely correlated (d 3 = 1) in all measured d. c. current interval, but their contribution to the total correlation coefficient was noticeable only in the frequency range from 100 Hz to 1 kHz.
Dependence of correlation coefficient between electrical and optical fluctuations over frequency band from 10 Hz to 20 kHz on d. c. current is presented in Fig. 12 . Calculation results were obtained from Eq. (15) with the same quantities d j as in the case for one-octave frequency band (Figs. 10 and 11) . It is clearly seen that there is a very good agreement between experimental and calculation results. 
Discussion
In order to clear up the origin of low-frequency fluctuations of LEDs and considering that light-emitting is due to charge carrier recombination process in the active p-n junction layer of LED it is advisable to present the measured electrical and optical voltage fluctuation spectral densities as current fluctuation spectral densities:
where R d is the differential resistance of the LED p-n junction, R ph is the load resistance of the light receiv- 
where the variance behaviour is characteristic of generation-recombination noise (the 1/f and 1/f α types of fluctuations are also a superposition of Lorentzian type random processes with appropriate relaxation time τ distribution): in linear samples S i /I 2 ∼ 1/N (here N is the total free charge carrier number in sample), but for p-n junctions N ∼ I, thus, the curent fluctuation spectral density S i and variance σ 2 i for LEDs are proportional to I. On the ground of the fact that radiative recombination of charge carriers can occur only in the active layer of p-n juncton we can state that correlated electrical and optical fluctuations are related with the active layer. There exist random potential fluctuations of parameters of quantum well due to charge carrier capture by defects in the active layer or to its interfaces. These potential fluctuations modulate that part of carriers which recombine in quantum well and produce the photons. Also we must have in mind that the larger part (over 85%) of carriers recombines outside the active layer, where the non-radiative recombination time is very small, and consequently their contribution to the low-frequency noise level is also very small. A deviation of correlated part σ 2 i corr of electrical fluctuation from proportionality to I at higher d. c. currents can be explained by screening effect of electrical noise sources which cause the random modulation of light emission.
An uncorrelated part of current fluctuation variance σ 2 i uncorr of electrical noise is ∼I 2 , but the variance of voltage fluctuations σ 2 u uncorr = σ 2 i uncorr R 2 d ≈ const . The obtained result can be explained in such a way: in parallel to p-n junction there is a leakage channel (in surface regions or in other sites than the active layer) the resistance of which is many times higher than the resistance of p-n junction, and the current fluctuations in this channel have no influence on optical power fluctuations.
Conclusions
A detailed analysis of electrical and optical fluctuations of high power LEDs was carried out. It was shown that decomposition of total low-frequency fluctuation spectrum into 1/f , 1/f α , and Lorentzian type spectrum components is very useful for correlation analysis of noise properties. The correlation coefficient between electrical and optical fluctuations was evaluated not only over frequency range from 10 Hz to 20 kHz, but also for the first time in every one-octave frequency band. The presented technique permitted to determine the correlation coefficient dependence on frequency and to estimate what part to correlation coefficient is produced by low-frequency fluctuations with 1/f , 1/f α , and Lorentzian type spectra, respectively: 1/f α type (α ≈ 1.55) fluctuations have the larger contribution to correlation coefficient at lower frequencies, the contribution of fluctuations with Lorentzian type spectrum has a maximum at frequency f 0 = 1/(2πτ ) (here τ is the relaxation time of recombination process), while the contribution of 1/f type fluctuations is sufficiently large at all frequencies. On the ground of obtained experimental results and calculation data we can state that the correlated part of electrical and optical fluctuations for the investigated LEDs is related with the defect presence in the active layer and its interfaces, while the uncorrelated part of electrical noise is caused by the parallel leakage channel the resistance of which is many times higher than that of the p-n junction.
